We describe here how the early limb bud of the quail embryo develops in the absence of retinoids, including retinoic acid. Retinoiddeficient embryos develop to about stage 20/21, thus allowing patterns of early gene activity in the limb bud to be readily examined. Genes representing different aspects of limb polarity were analysed. Concerning the anteroposterior axis, Hoxb-8 was up-regulated and its border was shifted anteriorly whereas shh and the mesodermal expression of bmp-2 were down-regulated in the absence of retinoids. Concerning the apical ectodermal genes, fgf-4 was down-regulated whereas fgf-8 and the ectodermal domain of bmp-2 were unaffected. Genes involved in dorsoventral polarity were all disrupted. Wnt-7a, normally confined to the dorsal ectoderm, was ectopically expressed in the ventral ectoderm and the corresponding dorsal mesodermal gene Lmx-1 spread into the ventral mesoderm. En-1 was partially or completely absent from the ventral ectoderm. These dorsoventral patterns of expression resemble those seen in En-1 knockout mouse limb buds. Overall, the patterns of gene expression are also similar to the Japanese limbless mutant. These experiments demonstrate that the retinoid-deficient embryo is a valuable tool for dissecting pathways of gene activity in the limb bud and reveal for the first time a role for retinoic acid in the organisation of the dorsoventral axis.
Introduction
In the last decade there has been an enormous expansion in our knowledge of the genes involved in the development of the vertebrate limb. These genes include growth factors, novel transcription factors identified in vertebrate genetic screens and vertebrate homologues of Drosophila genes. As a result we know a considerable amount about the genetic pathways involved in the induction of ectopic limbs, the location of the limb bud along the body axis, patterning of the anteroposterior, dorsoventral and proximodistal axes, the control of outgrowth by the AER, programmed cell death in specific populations, cartilage growth, muscle differentiation and so on (reviews, Tabin, 1995; Tickle, 1996; Johnson and Tabin, 1997) . One of the clear messages which emerges from these analyses is the fact that the three axes of the limb, the proximodistal (PD), the anteroposterior (AP) and the dorsoventral (DV) axes, can no longer be considered in isolation from each other. A cascade of genes whose protein products act on one axis also interact at some point with a corresponding gene in another axial cascade. For example, sonic hedgehog (shh), whose protein product is central to the organisation of the AP axis is down-regulated by removal of the Wnt-7a expressing dorsal ectoderm, a gene and tissue involved in the organisation of the DV axis (Yang and Niswander, 1995) . Similarly, shh is down-regulated by removal of the fgf-4 expressing apical ectodermal Mechanisms of Development 81 (1999) [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] 0925-4773/99/$ -see front matter © 1999 Elsevier Science Ireland Ltd. All rights reserved. PII: S0925-4773(98)00231-7 ridge (AER), a gene and tissue involved in the outgrowth of the PD axis (Niswander et al., 1994; Laufer et al., 1994) .
Another factor crucially involved in limb development is the vitamin A derivative, retinoic acid (RA). RA can duplicate the limb (Tickle et al., 1982) and it is present endogenously at a higher concentration on the posterior part of the limb than the anterior part (Thaller and Eichele, 1987; Scott et al., 1994; Maden et al., 1998b) . Inhibition of RA signalling via the retinoid receptors (Helms et al., 1996; Lu et al., 1997b) or inhibition of its synthesis (Stratford et al., 1996) prevents the establishment of a zone of polarising activity (ZPA). For this reason RA is generally considered to be involved in the organisation of the AP axis via the establishment of a ZPA. But one of the important points which emerges from the results presented here is that RA is also involved in the establishment of the DV axis.
Early downstream targets of the action of RA seem to be the homeobox genes Hoxb-6 and Hoxb-8 (Lu et al., 1997a; Lu et al., 1997b; Stratford et al., 1997) as they are rapidly induced by ectopic RA, in the case of Hoxb-8, in 30 min (Stratford et al., 1997) . Additional target genes under the control of RA are thought to be fgf-4 (Niswander et al., 1994) , bmp-2 (Francis et al., 1994) , the Hoxd-11-13 genes (Izpisua-Belmonte et al., 1991; Nohno et al., 1991) and shh (Riddle et al., 1993) as they are all induced by ectopic RA, but at much later times (Ͼ18 h) than the Hoxb genes.
The ectopic induction of genes by RA is clearly one valuable and productive method for identifying causal chains of events during limb development, but it may not necessarily be a true reflection of the events which occur during normal development. Approaches such as the inhibition of RA signalling or the inhibition of RA synthesis may be more relevant and in these studies it has been shown that the induction or maintenance of shh, bmp-2 and fgf-4 depend upon the continual presence or signalling of RA, but fgf-8, Hoxd-11 and Hoxd-13 do not (Stratford et al., 1996; Lu et al., 1997b) . So here is an example of a contrasting situation: RA induces the Hoxd genes, but their normal appearance in the limb bud does not seem to depend upon its presence. This highlights the value of these 'retinoid knockout' approaches.
In the work described here we have used another system where we can ask similar questions about limb development in the absence of RA. This system is the vitamin A-deficient quail embryo. Embryos are produced by adults which have been fed on a vitamin A-deficient diet and as a result there are no detectable retinoids either in the yolks or the embryos of the eggs (Dong and Zile, 1995; Chen et al., 1996) . The resulting embryos only survive for about three days into development, but this is enough time to obtain valuable data on which embryonic systems are abnormal and in what ways they are abnormal. For example it has previously been shown both in chickens and quails that the veins connecting the heart to the blood islands do not develop and the hearts have situs inversus (Thompson et al., 1969; Heine et al., 1985; Dersch and Zile, 1993) . The central nervous system shows several abnormalities: there is a large segment of the hindbrain (the myelencephalon) missing, the neural crest cells die, and the neural tube never extends neurites into the periphery Maden et al., 1998a ). Here we describe what happens to the limb buds in these embryos as they survive to about stage 20/21. By analysing the expression of a variety of genes we show that some genes are down-regulated, some are up-regulated while others are unaffected. In contrast to previous results using inhibitors of RA synthesis or signalling where emphasis has been placed primarily on the anteroposterior axis, we show here that patterning in all three axes is affected by the absence of retinoids. The effects on the dorsoventral axis are the most profound and reveal for the first time a role for RA in the specification of this axis.
Results

Morphology of limb buds from A-quail embryos
Normal and A-embryos up to stage 21 were first examined externally to determine the size, position and appearance of the limb buds. Although the initiation of limb outgrowth seemed to occur at a similar stage in A-embryos (stage 16/17) compared to controls, the position of the forelimb buds appeared to be shifted anteriorly in the A-embryo in relation to the primary axis (Fig. 1A,B) . However, counting somites revealed that the A-forelimb buds were still opposite the correct somites (numbers 15-20) (Fig. 1E ). This suggests that the apparent anterior shift was due to the loss of the myelencephalon and the associated mesoderm which results in the anterior somites continuing up to and underneath the otic vesicle . It was not therefore due to the movement of the limb buds relative to the somites. Hindlimb development also appeared to initiate at the correct stage and somite position along the embryo (Fig. 1C,D) .
Both the forelimb and hindlimb buds showed a marked reduction in size compared to normal. This reduced size was not uniform across the limb bud because on closer inspection it was clear that the A-buds displayed asymmetrical outgrowth biased towards the posterior of the bud (Fig.  1D,E) . This selective loss of the anterior part of the field is the same as the effects of inhibiting RA synthesis in the limb bud with disulphiram (Stratford et al., 1996) , confirming the particular sensitivity of anterior limb bud cells to loss of RA.
The AER showed considerable variation in structure. On some limb buds it was completely absent (Fig. 1G) , on other limb buds it was poorly differentiated and appeared to be randomly interrupted, and on others it seemed to be of normal appearance (Fig. 1F) , although perhaps slightly wider in DV extent than normal (Fig. 3I) . Clearly, the AER can form in these A-limb buds although the reason for the variability was not apparent.
We began an analysis of gene expression patterns by looking at mesodermal genes, then those associated with the AER and finally those associated with dorsoventral patterning.
Hoxb-8 expression
We and others have recently described the expression of Hoxb-8 in the mesenchyme of the embryonic flank and early limb bud and shown that this expression is coextensive with the previously established polarising activity of embryonic tissues (Lu et al., 1997b; Stratford et al., 1997) . The anterior border of Hoxb-8 expression includes the very posterior edge of the wing bud field suggesting that this gene plays a role in establishing the polarity of the wing bud via downstream genes such as shh. Furthermore, Hoxb-8 expressing cells grafted to the anterior margin of the limb bud induce shh expression and exogenous RA very rapidly induces ectopic Hoxb-8 expression. We therefore examined the expression of Hoxb-8 in A-embryos, expecting a posterior shift in the anterior b-8 border.
Normal quail embryos at stage 13 showed expression of Hoxb-8 in the lateral plate mesenchyme, extending rostrally from the tail bud to somite 16/17, that is, at the posterior edge of the pre-wing bud flank, as the wing bud will appear opposite somites 15-20 ( Fig. 2A ). This pattern is identical to that found in the chick embryo (Lu et al., 1997b; Stratford et al., 1997) . Surprisingly, in the corresponding A-embryos a high and anteriorly expanded level of Hoxb-8 was observed in the lateral plate mesenchyme which extended rostrally from the tail-bud and was present throughout all the pre-wing bud flank rather than just at its posterior edge (Fig. 2B) . The anterior boundary of expression at this stage was opposite somite 12/13 rather than somite 16/17. Later in development, at stage 16/17, just prior to the onset of shh expression, Hoxb-8 expression in normal quail embryos was biased to the posterior of the wing with an anterior border at somite 17/18 (Fig. 2C) , as in the chick embryo. In contrast, the A-wing bud has Hoxb-8 transcripts distributed uniformly throughout ( Fig. 2D ) with an anterior border at somite 15/16.
Thus rather than being down-regulated in the absence of retinoids, the Hoxb-8 expression domain becomes more widespread and anteriorised leading to uniform expression in the early limb bud rather than the polarised expression seen in the normal embryo. The next question we asked is how does this affect shh expression?
Shh expression
Shh expression (Riddle et al., 1993) was examined in normal and A-quail embryos at stages 17/18 and 20. As in the chick embryo, expression in normal embryos began in a few cells at the posterior margin of stage 17/18 limbs (Fig.  2E ) and progressed to a strong, localised expression domain by stage 20 (Fig. 2G) . Although the beginnings of shh expression was also detectable in the forelimbs of Aembryos at stage 17/18 (Fig. 2F) , the level of expression was lower than in normal embryos. This low level of expression persisted and as shown in Fig. 2H , the difference between normal and A-limb buds was much more obvious at stage 20. The hindlimb buds behaved somewhat differently in that the majority of cases never showed any shh expression at all, not even at reduced levels (Fig. 2H) .
In contrast to the limb buds the expression of shh is still present in the mid-line structures, the notochord and the ventral floor plate (Fig. 2E-H) , emphasising that different controls operate on a gene in different tissues.
Bmp-2 expression
Bmp-2 is thought to be part of the polarising region signalling pathway, downstream from shh (Francis et al., 1994) . It is expressed in a domain in the mesenchyme which overlaps with shh and is also expressed in the AER.
In normal stage 19/20 quail embryo limb buds bmp-2 was observed in the mesenchyme at the posterior margin of the limb and in the AER (Fig. 3A) , as in chick embryos. Inter- estingly, in A-limb buds, the ectodermal and mesenchymal domains of Bmp-2 expression were differentially affected. Although the ectodermal expression appeared normal (Fig.  3B) , the mesenchymal expression was either down-regulated or completely absent (Fig. 3B) . The latter mesenchymal result mirrored the down-regulation or absence of shh expression and thus supported the idea of a causal relationship between these two genes. On the other hand, expression in the AER was thus not related either to the presence of retinoids or the expression of shh.
Our attention was therefore drawn towards the AER and to the genes which are expressed in this structure.
Fgf-4 expression
Fgf-4 is believed to play a role in maintaining polarising activity and is expressed with a bias towards the posterior AER (Niswander et al., 1994) . Since the expression of fgf-4 and shh are mutually dependent through a positive feedback loop (Laufer et al., 1994; Niswander et al., 1994) it might be expected that fgf-4 would not be expressed in A-limb buds as shh is so clearly down-regulated. To examine the relationship between these two genes double in situs were performed.
Normal quail embryos showed the characteristic pattern of shh and fgf-4 expression (Fig. 3C) , as seen in chick embryos. Surprisingly, in the A-limb buds two classes of results were obtained. In A-limb buds that displayed a complete absence of shh expression there was only a very small posterior domain of fgf-4 expression in the AER (Fig. 3D) , thus supporting the positive feedback concept. On the other hand, in A-limb buds that displayed low, but detectable levels of shh expression the fgf-4 domain was expanded and extended into the anterior AER (Fig.  3E ). This surprising result suggests that there may be other negatively-acting genes involved in this feedback loop.
Fgf-8 expression
Fgf-8 is expressed in the early limb ectoderm and is believed to play a role in limb bud initiation (Mahmood et al., 1995; Crossley et al., 1996; Vogel et al., 1996) . We have previously found that inhibition of RA synthesis does not inhibit the expression of fgf-8 in the ectoderm (Stratford et al., 1996) , suggesting that fgf-8, unlike fgf-4, is not dependent upon shh expression.
To directly test this hypothesis, double in situs were again performed using fgf-8 and shh probes. Normal quail stage 20 limb buds showed the characteristic pattern of shh and fgf-8 expression (Fig. 3F) , as seen in chick embryos. In the Alimb buds a high level of expression of fgf-8 was observed in the AER in all cases even in the absence of shh (Fig. 3G,H) . The expression of fgf-8 highlighted irregularities apparent in the A-AERs. As shown in Fig. 3I and 3G the AER was wider than expected in the dorsoventral dimension (Fig. 3I) and often narrower in the anteroposterior dimension (Fig.  3G) .
Finally, we examined some genes involved in the control of dorsoventral polarity.
Wnt-7a expression
Wnt-7a is expressed in the dorsal ectoderm and thought to be responsible for the establishment of Lmx-1 expression in the underlying dorsal mesenchyme and thus involved in the control of dorsoventral polarity (Riddle et al., 1995; Vogel et al., 1995) . As in the chick, Wnt-7a expression in stage 20 normal quail limb buds was confined to the dorsal ectoderm (Fig. 4A,C) and did not extend into the AER. In contrast, Wnt-7a was expressed not only in the dorsal ectoderm of Alimb buds, but also ectopically within the ventral ectoderm (Fig. 4B,D) , suggesting a loss of DV polarity. To confirm this idea we examined the expression of the mesodermal gene Lmx-1.
Lmx-1 expression
Expression of the LIM homeobox-containing gene Lmx-1 is normally confined to the dorsal limb mesoderm and is under the control of Wnt-7a in the overlying dorsal ectoderm (Riddle et al., 1995; Vogel et al., 1995) . As expected, Lmx-1 expression in the normal quail limb bud is spread along the anteroposterior extent of the limb bud and sections reveal its expression is limited to the dorsal half of the mesenchyme (Fig. 4E) . Sections through A-limb buds, however, revealed that Lmx-1 expression in the mesoderm had spread down past the dorsoventral border and into the ventral half of the limb bud (Fig. 4F) , thereby confirming the loss of DV polarity.
En-1 expression
The homeobox-containing gene En-1 is expressed in the ventral ectoderm and has been shown to play a parallel role in DV patterning (Gardner and Barald, 1992; Loomis et al., 1996; Logan et al., 1997) . To further investigate the loss of DV polarity in A-limb buds we examined the expression of En-1. In the normal stage 20 quail limb bud En-1 expression was confined to the ventral ectoderm, as expected ( Fig. 4H ) with a sharp border within the AER. In contrast, En-1 expression in A-limb buds was either completely absent from the ventral ectoderm (Fig. 4G) or was strongly down-regulated, resulting in a patchy distribution (data not shown). Sections through the limb bud shown in Fig.  4G confirmed the complete absence of En-1 expression within the ectoderm (Fig. 4I) . Indeed, the limbs shown in Fig. 1F ,G are also sections through En-1 in situs of Aembryos and reveal that the AER can still form in the absence of En-1 expression (Fig. 1F) . Thus the behaviour of this gene is similar to that of shh and bmp-2 in that it is either partially or completely down-regulated.
Discussion
The vitamin A deficient quail embryo serves as a valuable model system for studies on the role of retinoids in embryonic systems. In the work reported here we have examined various aspects of the polarity of the early limb bud to determine which are affected by the absence of retinoids.
The anteroposterior axis
RA is though to be involved early on in the establishment of the AP axis of the limb bud because inhibition of RA signalling via the retinoid receptors (Helms et al., 1996; Lu et al., 1997b) or inhibition of its synthesis (Stratford et al., 1996) prevents the establishment of a zone of polarising activity (ZPA), the appearance of shh expression and the outgrowth of the limb bud. Since there is a relatively long period of time (24-30 h) between ectopic RA placement on the anterior side of the limb bud and the appearance of ectopic shh expression (Riddle et al., 1993) there must be many genes involved between RA and shh induction. Two of these may be the homeobox genes Hoxb-6 and Hoxb-8 (Lu et al., 1997a,b; Stratford et al., 1997) as they are rapidly induced by ectopic RA, in the case of Hoxb-8, in 30 min (Stratford et al., 1997) . Bmp-2 is also involved in patterning the AP axis, downstream of shh (Francis et al., 1994) , as are the Hoxd-11-13 genes (Izpisua-Belmonte et al., 1991; Nohno et al., 1991) . We would therefore predict that in these A-limb buds none of these downstream RA targets would be expressed.
This was certainly the case for shh and bmp-2 in the posterior mesenchyme of the A-limb bud. Neither of these genes were appropriately expressed as they were either completely or partially down-regulated. These two cases therefore fit with the concept that they are downstream of RA in the cascade leading to AP axis patterning and we have not yet examined the Hoxd11-13 genes. Whether shh and bmp-2 are directly regulated by RA is, of course, not answered here, but one of them at least, shh, has a retinoic acid response element (RARE) in its upstream sequence (Chang et al., 1997) . It would be interesting to know whether that is also the case for bmp-2.
However, the situation with Hoxb-8 was completely different as rather than a down-regulation or a posterior shift in the boundary of expression an up-regulation and an anterior shift in its boundary was observed. The typical effect of excess RA on Hox gene expression is to cause an anteriorisation of their domains both in the mouse embryo (MorrissKay et al., 1991; Conlon and Rossant, 1992; Marshall et al., 1992; Kessel, 1993; Wood et al., 1994; Simeone et al., 1995; Avantaggiato et al., 1996) and the chick embryo (Sundin and Eichele, 1992; Lopez et al., 1995; Gale et al., 1996) and thus the opposite situation would be expected in the absence of RA. Indeed, previous studies in mouse have shown that when the 3′ RARE of Hoxb-1 is deleted, the early expression of b-1 is abolished . However, when the 5′ RARE is mutated, the expression pattern then expands and spreads into adjacent rhombomeres . It is not unprecedented, therefore, that in the absence of RA or its transduction machinery, Hox gene expression should be expanded. It also seems that different Hox genes behave differently to the absence of RA since the expression of Hoxd-11 and d-13 were completely unaffected following the inhibition of RA signalling (Lu et al., 1997b) . Thus the regulatory elements must be different for different Hox genes.
Despite the up-regulation of Hoxb-8 the limb bud did not show any signs of duplicating as might be expected from the result of ectopic expression of this gene in the mouse embryo (Charite et al., 1994) . On the contrary, limb development was inhibited. Thus, the lack of a border of Hoxb-8 expression within the early limb bud may be as detrimental as no expression at all (Meinhardt, 1983) , at least in the case of these quails. Furthermore, what clearly does not happen in response to a more anterior border of Hoxb-8 expression is the anterior shifting of the limb bud in line with this new border. Thus Hoxb-8 cannot be involved in establishing the location of the forelimb bud. Previous work has suggested that this may be the function of the group 9 paralogues (Cohn et al., 1997) or perhaps b-5 (Rancourt et al., 1995) .
The proximodistal axis
Outgrowth of the limb bud in the PD axis is under the control of the AER via the secretion of FGFs into the underlying mesenchyme. However, the PD axis does not establish itself in isolation as there are interactions occurring between the PD and the AP axes. For example, shh is down-regulated by removal of the fgf-4 expressing AER (Laufer et al., 1994; Niswander et al., 1994) . Thus one might not expect the expression of the fgfs to be directly under the control of RA. In fact, we observed that in the A-limb buds the expression of fgf-8 and bmp-2 in the AER was perfectly normal and thus unaffected by the absence of retinoids. The lack of effect on fgf-8 expression was also seen after the inhibition of retinoid signalling through the receptors (Lu et al., 1997b) or after the inhibition of RA synthesis (Stratford et al., 1996) and thus seems to be a consistent finding. The lack of effect on bmp-2 expression within the AER, however, is a novel one and is in contrast to the observed down-regulation of bmp-2 expression in the mesoderm thus demonstrating that different domains of expression of the same gene can be under different genetic controls. We also observed the same phenomenon with regard to shh expression: it was partially or completely down-regulated in the A-limb bud, but expressed apparently normally in the floorplate and notochord Fig. 2E-H) .
On the other hand fgf-4 was, in many cases, strongly down-regulated and this correlated with those limb buds where shh had not been expressed. This phenomenon was also seen after the inhibition of RA synthesis (Stratford et al., 1996) and is most likely due to the lack of shh expres-sion and the consequent breakdown of the shh/fgf-4 feedback loop (Laufer et al., 1994; Niswander et al., 1994) rather than a direct effect of RA on fgf-4. However, other A-limb buds that displayed low levels of shh had the domain of fgf-4 expression expanded from the posterior AER into the anterior AER. This surprising result suggests that there may be other negatively-acting genes involved in this feedback loop and that the effects of down-regulating particular genes are not the same as switching them off completely.
The dorsoventral axis
Patterning in the dorsoventral axis is primarily the responsibility of the limb bud ectoderm acting via genes such as Wnt-7a and Lmx-1 dorsally and En-1 ventrally. The action of these genes leads to the establishment of the site of the AER via the R-fng gene (Rodriguez-Estaban et al., 1997; Laufer et al., 1997) . Again, as in the case of the other two axes, the DV axis does not develop in isolation. Shh is down-regulated by the removal of Wnt-7a expressing dorsal ectoderm (Yang and Niswander, 1995) and if the AER does not develop correctly then PD outgrowth will be disrupted. But there has never been any suggestion previously that RA was involved in the genes which organise the DV axis.
However, these A-limb bud showed very abnormal expression of DV genes, more so than the other axes. The expression of En-1, normally present in the ventral ectoderm, was partially or completely abolished while Wnt-7a and Lmx-1, normally expressed in the dorsal ectoderm and dorsal mesoderm respectively, were ectopically expressed ventrally. There was also a ventral expansion of the AER. Were these limbs to continue to develop we would expect them to exhibit double dorsal characteristics (Loomis et al., 1996) , as the expression of Lmx-1 (Riddle et al., 1995) was also expanded ventrally. Thus the most striking feature of A-limb buds was their phenocopying of the En-1 knockout limbs in the mouse (Loomis et al., 1996) .
Recent experiments have also shown that En-1 is required for proper formation of the AER (Cygan et al., 1997; Logan et al., 1997; Rodriguez-Estaban et al., 1997; Laufer et al., 1997; Loomis et al., 1998) . Given that En-1 represses R-fng during the formation of the AER (Rodriguez-Estaban et al., 1997; Laufer et al., 1997) , it would clearly be of interest to study the expression of this gene in A-limb buds as we would expect R-fng to be expanded into the ventral ectoderm in the absence of the En-1 repression. However, the ectopic expression of R-fng ventrally resulted in ectopic AERs which were not seen in the A-limb buds. This therefore requires further analysis to determine whether RA fits in to the R-fng pathway. Furthermore, although the physical shape and location of the AER may be generated by R-fng/ non R-fng expression borders, there must be an independent, parallel gene pathway which determines where fgf-8 and bmp-2 should be expressed as both are activated appropriately in the absence of En-1 expression.
Similarity to the limbless mutant
In addition to phenocopying the En-1 knockout mouse, at least in gene expression patterns, these A-limb buds also show an intriguing similarity to the limbless mutant in terms of their altered gene expression (Grieshammer et al., 1996; Noramly et al., 1996; Ros et al., 1996) , the expanded patterns of Wnt-7a and Lmx-1 and the absence of En-1, shh, fgf-4 and bmp-2. But there are differences in the AER gene expression -the limbless AER has no fgf-8 or bmp-2 expression so the A-limb buds do not phenocopy the limbless buds. However, the A-limb buds are even more similar in terms of gene expression to the Japanese wingless mutant as, in addition to a loss of shh, fgf-4 and En-1 and expansion of Wnt-7a and Lmx-1, these mutants do initially express fgf-8 in the AER (Ohuchi et al., 1997) . Thus there is considerable similarity between wingless and A-limb buds. Further comparisons between these mutants, the En-1 knockout and these A-buds, for example with regard to the Hoxd genes which are expressed normally in limbless buds would be instructive and may lead to the further elucidation of the gene pathways involved in limb development.
Experimental
Eggs from Japanese quail (Coturnix coturnix japonica) were obtained from the Poultry Research Farm at Michigan State University. Birds were fed a normal or a vitamin Adeficient diet as described previously (Dersch and Zile, 1993) . Normal and A-eggs were collected daily, incubated until the desired stage and fixed in 4% paraformaldehyde. In situ hybridisation was performed according to established protocols. Wholemounts were cleared in 80% glycerol for photography and then sectioned on a vibratome at a thickness of 80 mm.
